Abstract: Neutrophils play an important role in immune complex (IC)-mediated diseases, but the mechanisms underlying their recruitment to sites of IC deposition remain largely undefined. Furthermore, neutrophils encounter cytokines that prime their effector functions, yet the physiological relevance of priming to neutrophil functions is unclear. Using intravital microscopy, we demonstrate that TNF treatment of neutrophils ex vivo significantly increased their adhesion in a model of intravascular ICs deposited in the cremaster muscle. Notably, TNF priming had no effect on neutrophil adhesion in the absence of ICs. Analyses of relevant knockout mice and neutrophil reconstitution revealed a critical role for Fc␥Rs and the CD18 integrin Mac-1 in IC-mediated neutrophil adhesion. Furthermore, ICAM-1, a major Mac-1 ligand constitutively expressed on unactivated endothelium, significantly contributed to this process. These data suggest that TNF priming promotes Fc␥R interaction with intravascular ICs, leading to the binding of Mac-1 to ICAM-1 and subsequent neutrophil arrest.
INTRODUCTION
Neutrophils are critical immune effector cells that cause tissue damage in immune complex (IC)-mediated diseases, such as immune-mediated glomerulonephritis, arthritis, and other autoimmune disorders. ICs form repeatedly in the blood in response to foreign or self-antigens, tissue injury, or infection. However, excessive accumulation of ICs within the vasculature and surrounding tissue underlies the pathogenesis of a variety of human diseases [1] . IC deposition in tissue is associated with neutrophil accumulation, and neutrophil adhesion to ICs triggers robust reactive oxygen species generation, primary granule release, and generation of cytokine and lipid mediators, which can contribute to tissue inflammation [1, 2] . Thus, a tight regulation of neutrophil recruitment at sites of IC deposition is required to limit IgG-mediated tissue injury.
Leukocyte adhesion receptors on neutrophils and the endothelium, such as the selectins, ␤2 integrins, and members of the IgG superfamily (ICAM family members), have been implicated in neutrophil recruitment during an inflammatory response. However, an understanding of the molecular requirements for neutrophil recruitment in the context of IC deposition is still in its infancy. Fc␥Rs, receptors for IgG-containing ICs, contribute to the pathogenesis of several immune-mediated diseases in mice, including nephrotoxic nephritis, lupus nephritis, autoimmune skin diseases, and arthritis [2, 3] . In all of these models, Fc␥ deficiency is associated with a reduction in neutrophil accumulation. Neutrophil recruitment in these models may result from the engagement of ICs by Fc␥R on mast cells and macrophages, which leads to the release of endothelial-activating agonists chemokines and cytokines. Subsequent endothelial cell activation, IC-mediated activation of complement, and subsequent generation of anaphylatoxins C3a and C5a may mobilize neutrophils, and/or Fc␥Rs on neutrophils may directly facilitate recruitment to deposited ICs [1, 4, 5] . Mice deficient in the leukocyte-specific CD18 integrin Mac-1 are protected from IgG-mediated diseases such as acute antiglomerular basement membrane nephritis and bullous pemphigoid [6, 7] . Mac-1 deficiency in these Fc␥R-dependent models is also associated with reduced neutrophil accumulation [6, 7] . This may be attributed to compromised Fc␥R-mediated adhesion, as some Fc␥R functions rely on Mac-1-dependent signal transduction [7] [8] [9] . It is also possible that the absence of Mac-1 interaction with its ligand complement fragment C3bi may limit neutrophil cytotoxicity and thus, curb subsequent neutrophil accumulation, and/or the absence of Mac-1 interaction with ICAM-1 on the activated endothelium may mediate neutrophil recruitment. Thus, although Fc␥R or Mac-1 deficiency results in reductions in neutrophil accumulation in various IgG-mediated models of disease, the mechanisms responsible for neutrophil recruitment remain largely undefined.
Cytokines such as TNF, elevated in autoimmune diseases [10] , not only activate the endothelium but also have the potential to "prime" neutrophil responses. The definition of priming is that it itself does not result in the desired response, but the process significantly amplifies neutrophil responsive-ness to subsequent external stimuli. This may serve to augment the inflammatory response [11] [12] [13] . Priming of neutrophils, which occurs within seconds/minutes, likely precedes cytokine-mediated activation of the endothelium, which principally results from the transcriptional up-regulation of leukocyte adhesion receptors and cytokines/chemokines, a process that occurs over hours. Priming likely represents a mechanism to localize neutrophil effector functions to sites of inflammation, thus limiting the damaging potential of neutrophils. The failure to limit cell priming may contribute to disease pathogenesis, yet definitive evidence that priming enhances neutrophil responses in vivo remains an elusive goal in the field.
Here, we examined the contribution of neutrophil priming to neutrophil recruitment to intravascularly deposited ICs in vivo and evaluated the potential contributions of Fc␥Rs and Mac-1 on neutrophils as well as the endothelial ligand for Mac-1, ICAM-1, to this process. Our experimental approach included the analysis of knockout mouse strains and neutrophil reconstitution in an in vivo model of IC deposition in the exteriorized cremaster microcirculation that is amenable to intravital microscopy (IVM).
MATERIALS AND METHODS

Mice
Six-to 12-week-old mice were used for the experiments. C57Bl/6 mice were used as controls for knockout mice. Fc␥ chain Ϫ/Ϫ on a C57Bl/6 strain (backcrossed 12 generations) was from Taconic (Germantown, NY, USA), and ICAM-1 Ϫ/Ϫ on a C57Bl/6 strain (backcrossed 10 generations) was from The Jackson Laboratory (Bar Harbor, ME, USA). Mac-1 Ϫ/Ϫ [14] , backcrossed eight generations to C57Bl/6, was bred and maintained in our animal facility. All mice were housed in a virus antibody-free facility at Longwood Medical Research Center, Brigham and Women's Hospital (Boston, MA, USA). The Institutional Animal Care and Use Committee approved the experimental protocols used in this study.
Preparation and administration of preformed, soluble ICs (sICs) sICs were made using BSA/polyclonal rabbit anti-BSA (Sigma-Aldrich, St. Louis, MO, USA) as described previously [5] and injected into the cannulated femoral artery [15] . IC deposition was verified as described previously [5] .
Preparation and injection of bone marrowderived neutrophils (BMN)
BMN were isolated from donor animals using three-layer Percoll-gradient centrifugation (75%, 65%, 55%) [16] , pooled, and counted. Isolated neutrophils were stained using the fluorophore 5-chloromethylfluorescein diacetate (CMFDA; Celltracker, Carlsbad, CA, USA), according to the manufacturer's protocol. After staining, 2.5 ϫ 10 7 cells were washed, treated with TNF (200 ng/ml recombinant murine TNF-␣ for 15 min), washed again, and injected into the cannulated femoral artery [15] after sIC injection.
Flow cytometry of isolated BMN
Cells (2ϫ10 6 ) for each sample were washed with PBS, then TNF-treated in 100 L PBS, or left untreated. After 15 min, the cells were washed with PBS-0.1% BSA and labeled with CD11b-allophycocyanin (APC) antibody (eBioscience, San Diego, CA, USA), CD32/CD16-FITC antibody (BD PharMingen, San Diego, CA, USA), or matching isotypes. A second set of cells was similarly prepared but stained with propidium iodide (BD PharMingen) and Gr-1-FITC antibody (BD PharMingen). The samples were analyzed with a BD flow cytometer (BD FACSCalibur flow cytometer, four-color).
To assess potential differences in Mac-1 surface expression between peripheral blood neutrophils (PBN) and BMN, 2.5 ϫ 10 7 CMFDA-stained BMN were injected into wild-type (WT) mice, and their peripheral blood was collected 45 min after injection of BMN. Following lysis of RBCs with repetitive 4°C H 2 O washes, cells were stained with Gr-1-PE (BD PharMingen) and CD11b-APC (eBioscience) or appropriate isotype controls.
IVM
Leukocyte recruitment in cremaster muscle venules was evaluated in mice within 45 min of a single i.v. injection of unlabeled ICs or controls. Mice (nϭ5 per group) were anesthetized with ketamine (90 mg/kg), xylazine (18 mg/kg), and atropine (0.24 mg/kg). A femoral artery line was placed, which took 15 min. sICs were injected through the femoral line prior to cremaster surgery. The cremaster was prepared as described previously [14] and took 15-20 min. A reflecting mirror was positioned underneath the cremaster for reflective light oblique transillumination (RLOT) [17] . The mouse was transferred to an upright saline immersion intravital microscope (Mikron Instruments, Glendale, CA, USA). In experiments with neutrophil reconstitution, BMN were injected through the femoral line and allowed to circulate and adapt for 15 min before recording. Fluorescent signals were generated by a xenon lamp, video-synchronized with a stroboscope (model 315-T, Colorado video), and detected using a silicon-intensified camera (Hamamatsu Photonics, Japan). Signals were transferred through an on-line image processor (Argus 20, Hamamatsu Photonics, Japan). Transilluminated light (RLOT) was captured by a chargedcoupled device camera (Sony, Japan). Video signals from both cameras were digitized (Moviebox DV, Pinnacle Systems, Inc., Mountain View, CA, USA) and stored on a standard personal computer. The stored video files were then analyzed using ImageJ [National Institutes of Health (NIH), Bethesda, MD, USA] with Quicktime plug-in.
Four to five venules were analyzed over a 20-min time period. During the experiment, the cremaster muscle was immersed with warmed, normal saline solution (0.9%). The use of normal saline instead of lactated Ringer's solution or Krebs Henseleit buffer had no detectable effect on leukocyte behavior (data not shown). At completion of the IVM experiment, blood was sampled from the retro-orbital plexus and collected into EDTA containing Eppendorf tubes to obtain total and differential leukocyte counts.
Peripheral leukocyte counts
Total leukocyte counts were determined with a Coulter counter (Coulter Electronics, Fullerton, CA, USA). Differential counts (100 cells) were performed on Wright-Giemsa's stained blood smears.
Analysis of intravital microscopy data
Leukocyte rolling flux and BMN rolling flux were defined as the number of leukocytes rolling past a perpendicular point in a vessel over 60 s. These were converted to the leukocyte rolling flux fraction (of total leukocyte flux) and BMN rolling flux fraction, as described [18] . Rolling cell flux fraction represents the percentage of rolling cells of the total flux (calculated from the systemic total leukocyte count) of leukocytes passing through the vessel. BMN rolling flux fraction of local BMN flux describes the percentage of rolling BMN to noninteracting BMN in the vessels of interest. The mean blood flow velocity (V mean ) was calculated as centerline velocity/1.6, and wall shear rate was calculated as 8 ϫ (V mean /venule diameter) [19, 20] . Leukocyte rolling velocities were measured by tracking single leukocytes (10/venule) over several frames and calculating distance moved per unit time (m/s). Adherent leukocytes were defined as cells remaining stationary for 30 s and were expressed per mm 2 venule.
Statistical analysis
IVM data were presented as means Ϯ SEM or median Ϯ SEM if nonparametric. Statistical analysis was performed with Sigma Stat (SPSS Science Inc., Chicago, IL, USA). Statistical significance of differences between groups was tested with a Student's t-test or a one-way ANOVA where appropriate. A multiple-comparison procedure was performed using the Holm-Sidak method. Statistical significance was accepted at P Ͻ 0.05.
RESULTS TNF priming of neutrophils increases their adhesion in the context of intravascular IC deposits
Our previous work established a model of intravascular IC deposition that is amenable to IVM [5] . In this model, sICs (BSA, rabbit anti-BSA), injected i.v., deposited locally in the exteriorized cremaster microcirculation and promoted slow leukocyte rolling on P-selectin, and increased adhesion to ICs [5] . Our first objective was to determine whether TNF priming of neutrophils enhanced their interaction with venules in which ICs were deposited. Neutrophils were isolated from the bone marrow compartment of WT mice, fluorophore CMFDA-labeled, and primed ex vivo with vehicle or TNF. Bone marrowderived neutrophils (BMN), 95% pure (assessed by flow cytometry using Gr-1 staining) and 97% viable (assessed by propidium iodide exclusion), expressed Mac-1 and Fc␥Rs as assessed by flow cytometry. Treatment with murine TNF for 15 min doubled the surface expression of Mac-1 (Fig. 1A) but did not alter Fc␥R expression levels compared with vehicle-treated BMN (Fig. 1A) . The lowest TNF dose to achieve the maximum surface expression of Mac-1 on BMN was 200 ng/ml (Fig. 1B) . This TNF dose was henceforth used to prime BMN prior to their injection into recipient mice as described below. BMN from Fc␥ Ϫ/Ϫ mice exhibited Mac-1 surface expression that was similar to WT mice and likewise, inducible with TNF treatment (Fig. 1B) . As expected, Mac-1 expression was undetectable in BMN from Mac-1 Ϫ/Ϫ mice (Fig. 1B) . Vehicle-or TNF-treated, fluorophore-tagged BMN were introduced through a femoral line into WT mice that had been given sIC i.v., followed by preparation of the cremaster for IVM. TNF-treated BMN were washed prior to introducing them into the animals (described in Materials and Methods); thus, TNF itself was not introduced into the circulation. Neutrophil rolling and adhesion of endogenous leukocytes and injected fluorophore-labeled BMN were evaluated in the same animal (Fig. 1C) . Endogenous leukocytes exhibited no change in the number of cells rolling, but displayed a decrease in leukocyte rolling velocity, and an increase in adhesion in response to deposited sICs (Fig. 1C) as described previously [5] . Similarly, deposited sIC did not increase the number of rolling BMN (not shown) but reduced the leukocyte rolling velocity, which was particularly evident when the BMN were TNF-primed. Increased adhesion of vehicle-stimulated BMN was observed in mice receiving sICs compared with control mice. However, the number of BMN adherent to ICs was significantly fewer compared with the endogenous neutrophils, suggesting that BMN were less responsive than PBN to IC stimulation. This is consistent with a published report [21] and our own unpublished observations that PBN are more reactive than BM counterparts to activating stimuli. BMN pretreated with TNF had significantly increased adhesion only in the presence of ICs. Importantly, no increase in adhesion of TNF-primed BMN was observed in the absence of deposited sICs (Fig. 1C) , which indicated that TNF priming enhanced neutrophil adhesion selectively in the context of intravascular IC deposition.
Neutrophil recruitment to intravascular ICs is significantly reduced in primed Fc␥
Ϫ/Ϫ BMN
We have shown previously that Fc␥R deficiency in mice abrogates IC-induced, slow rolling on P-selectin and subsequent adhesion [5] . Here, we directly examined the role of activating Fc␥Rs on neutrophils in recruitment of TNF-primed neutrophils. Fc␥ chain-deficient mice (Fc␥
Fc␥Rs but retain expression of the inhibitory Fc␥RIIB. Consistent with this, flow cytometry analysis of Fc␥ Ϫ/Ϫ BMN using an antibody that recognizes all Fc␥Rs revealed a 60% reduction in Fc␥R expression. The remaining fluorescence intensity was the result of retained Fc␥RIIB expression (data not shown), as previously reported [22] . BMN isolated from WT and Fc␥ Ϫ/Ϫ mice were labeled, TNF-treated, and injected into WT recipients given sIC. The rolling BMN flux fraction was similar in mice reconstituted with WT or Fc␥ Ϫ/Ϫ BMN. The slow rolling velocity characteristically observed in the presence of ICs was similar in TNF-treated Fc␥ Ϫ/Ϫ BMN and WT BMN, which may be attributed to the retained Fc␥RIIB expression in Fc␥ chain Ϫ/Ϫ BMN (Fig. 2) ; eliminating activating Fc␥Rs and Fc␥RIIB voids the slow rolling in response to intravascular sIC [5] . We also cannot rule out the possibility that TNF-treated Fc␥R Ϫ/Ϫ BMN may have alternate mechanisms for promoting slow rolling compared with PBN. Importantly, firm adhesion of TNF-treated Fc␥ Ϫ/Ϫ BMN was severely altered compared with similarly treated WT BMN (Fig. 2) . Endogenous neutrophils in the WT hosts reconstituted with Fc␥ Ϫ/Ϫ BMN efficiently adhered to the vessel wall of mice (data not shown), which demonstrates that IC deposition was adequate for promoting BMN adhesion. Thus, Fc␥Rs on neutrophils play an important role in the interaction of TNFprimed neutrophils with the vessel wall. (Fig. 3) . To explore the possibility that the Mac-1-dependent increase in neutrophil adhesion requires its interaction with its endothelial ligand ICAM-1, we evaluated mice deficient in ICAM-1 (ICAM-1 Ϫ/Ϫ ). ICAM-1 Ϫ/Ϫ mice showed an increase in total leukocyte, neutrophil, and lymphocyte counts (data not shown), as previously reported [23] . ICAM-1 deficiency had no significant effect on IC-induced slow leukocyte rolling velocity (Fig. 4) . However, firm adhesion of endogenous leukocytes was reduced by 60% in ICAM-1 Ϫ/Ϫ mice compared with WT mice counterparts. (Fig. 5A) . IC-induced BMN rolling velocity and flux fraction were not significantly different between groups. Adhesion of naïve WT neutrophils to WT and ICAM-1 recipient mice was comparable. However, after TNF priming, significantly enhanced BMN adhesion was observed in WT compared with ICAM-1 Ϫ/Ϫ recipients (Fig. 5A) . Thus, endothelial ICAM-1 plays a role in IC-induced firm adhesion of TNF-primed neutrophils.
Neutrophil recruitment to intravascular
Evaluation of the role of neutrophil
To examine the contribution of Mac-1 on neutrophils in TNF-primed cell adhesion to ICs, BMN from Mac-1 Ϫ/Ϫ mice were vehicle-or TNF-treated and injected into WT recipients given sICs. A trend toward an increase in rolling velocity in Mac-1 Ϫ/Ϫ BMN was observed, although this did not approach statistical significance. Importantly, adhesion of Mac-1 Ϫ/Ϫ BMN was reduced significantly compared with WT BMN (Fig.   5B ), a reduction that was comparable with that observed following Fc␥ Ϫ/Ϫ BMN reconstitution of WT mice (Fig. 2) . Thus, the study of endogenous Mac-1 Ϫ/Ϫ neutrophils and TNF-treated Mac-1 Ϫ/Ϫ BMN suggests that this ␤ 2 integrin on neutrophils plays an important role in regulating IC-induced neutrophil adhesion. Next, we specifically addressed whether endothelial ICAM-1 interactions with Mac-1 are contributing to the observed ICmediated responses. TNF-primed WT or Mac-1 Ϫ/Ϫ BMN were injected into ICAM-1 Ϫ/Ϫ recipient mice given sICs, and leukocyte rolling velocity, flux fraction, and adhesion were measured. Adhesion of WT neutrophils in ICAM-1 Ϫ/Ϫ recipients was similar to that observed in the group of animals analyzed in Figure 5A as expected. A further, significant decrease in firm adhesion was observed in ICAM-1 Ϫ/Ϫ recipients receiving Mac-1 Ϫ/Ϫ BMN (Fig. 5C) . Indeed, ICAM-1 Ϫ/Ϫ recipient mice given Mac-1-deficient BMN exhibit a greater decrease in adhesion (73%) compared with those given WT BMN (42%) or when WT recipient mice are given Mac-1-deficient BMN (53%). This suggests that the adhesion observed following IC deposition is not exclusively the result of Mac-1 interaction with ICAM-1 but includes the interaction of these receptors with other ligands.
DISCUSSION
A key step in the initiation and progression of many ICmediated diseases is the recruitment of neutrophils to deposited ICs [1] . Delineating the requirements for IC-induced neu- trophil recruitment is critical for understanding the mechanism(s) of leukocyte accumulation in IgG-mediated inflammatory and autoimmune diseases. Our previous study demonstrated that complement C1q-dependent, intravascular IC deposition in the cremaster leads to slow leukocyte rolling and increased adhesion and that a deficiency in Fc␥Rs in mice abrogates these processes [5] . Here, our study used knockout mice and neutrophil reconstitution approaches to show that TNF priming significantly increased neutrophil adhesion only in the context of intravascular ICs and demonstrates a critical role for neutrophil-activating Fc␥Rs and a CD18 integrin, Mac-1, in recruitment of TNF-primed neutrophils to intravascularly deposited ICs. Furthermore, endothelial ICAM-1, which is a major ligand for neutrophil Mac-1, played an essential role in IC-mediated neutrophil arrest. The paradigm for leukocyte recruitment during an inflammatory response has been primarily established from studies of IVM following injection of cytokines in tissues of interest. Unlike the requirement in these models for cytokine-inducible endothelial adhesion molecules and chemokines, neutrophil recruitment following strictly intravascular IC deposition appears not to require overt endothelial cell activation. Instead, it relies on the presence of constitutively present adhesion receptors such as neutrophil Fc␥Rs and Mac-1 and endothelial ICAM-1, and potentially "priming" stimuli such as TNF. TNF is a pleiotropic cytokine shown to activate endothelial cells and neutrophils. Previous analyses of leukocyte recruitment have most often been conducted several hours following intrascrotal injections of TNF and/or other inflammatory mediators. This leads to endothelial activation and adhesion receptor and chemokine expression that promote robust leukocyte-vessel wall interactions [24] , which precludes the analyses of the role of TNF priming of neutrophils in neutrophil recruitment. Our studies show for the first time that neutrophil priming has relevance in vivo and in particular, contributes to leukocyte recruitment.
The increase in adhesion of TNF-primed BMN in response to intravascular ICs provides strong evidence that TNF can modulate Fc␥R function in vivo and that this has consequences for leukocyte recruitment. Previous studies show that inflammatory mediators such as C5a, TNF, and IFN-␥ can upregulate Fc␥RIIIs on monocytes and macrophages [25] [26] [27] . However, Fc␥R surface expression on neutrophils did not change following TNF treatment. The mechanism for enhanced adhesion could thus be related to TNF-induced changes in Fc␥R affinity for ligand. In support of this, TNF treatment of human neutrophils did not increase surface expression of Fc␥Rs but induced their clustering leading to cytoskeletal rearrangement and subsequent neutrophil binding to IgG in vitro [28] . Similarly, stimulation with the neutrophil chemoattractant fMLP significantly increased Fc␥R engagement of IC-opsonized targets in vitro [29] . Thus, although Fc␥Rs are capable of binding ICs, their affinity for ligand may be increased by exogenous priming/activating stimuli, in a manner analogous to that described for ␤ 2 integrins [8] . Indeed, Fc␥R affinity modulation may represent another layer of regulation of Fc␥R function in addition to those already described. Fc␥R function is regulated by cytokine-induced increase in their surface expression levels. Cytokine regulation of IgG classswitching indirectly regulates Fc␥R function activity as Fc␥Rs are known to differentially engage specific IgG isotypes [3] .
Previous studies suggest that the mechanism of TNF-induced priming may be an increase in receptor expression or post-receptor events [30, 31] . For example, TNF priming of the fMLP-mediated oxidative burst in neutrophils may be attributed to TNF-induced increases in cell surface expression of fMLP receptors and/or increased phosphorylation of the NADPH oxidase phox components [32] . In our studies, TNF priming increased Mac-1 surface expression (Fig. 1, A and B ) [28] , but this itself did not enhance the number of neutrophils adherent to the vessel wall (Fig. 1C) . The increase in adhesion was only evident when a secondary stimulus, ICs, was present within the vasculature (Fig. 1C) . TNF priming likely modulates more than Mac-1 expression to promote adhesion, as an increase in integrin expression alone is not sufficient for ligand binding. Additional changes in integrin affinity and/or stimulation of downstream signaling pathways (e.g., protein kinase C-dependent pathways) are needed. Regardless of the mechanism of TNF priming, our studies do show that TNF priming is relevant in the context of IC-mediated neutrophil recruitment. This is important data, as although we assume that neutrophil priming plays a physiological role in inflammatory responses, evidence of this in vivo has not been presented previously.
Crosstalk between Fc␥Rs and Mac-1 has been implicated in IC-induced neutrophil adhesion in vitro. Similarly to GPCRs, Fc␥Rs switch Mac-1 from a low-to a high-affinity/avidity state that binds ligands [8, 9, 33] . Here, Fc␥R engagement of intravascular ICs may trigger the activation of Mac-1 and subsequent binding to its ligand ICAM-1 present on the endothelium. At a molecular level, this may occur through Fc␥R-induced phosphorylation of L-plastin, a leukocyte-specific, actin-bundling protein that is involved in Mac-1 activation [34] and/or Mac-1 clustering [33] . Mac-1 is critical for establishing shear-resistant contacts with the ICs [4, 7] . We propose that Mac-1 interaction with ICAM-1 strengthens the adhesive contact initiated by Fc␥R/IC interactions and that this is required for firm arrest.
Our studies also suggest that Mac-1 and ICAM-1 interactions with other binding partners may contribute to IC-induced adhesion, as a deficiency in both leads to a greater defect in neutrophil adhesion than either one alone. Notably, elimination of neutrophil Mac-1 and endothelial ICAM-1 basically abrogates adhesion, suggesting that these two proteins are responsible for all detectable IC-induced adhesive activity of TNFprimed neutrophils. Our finding that ICAM-1 on the unstimulated endothelium supports IC-mediated neutrophil adhesion is surprising, as there are limited data about the contribution of ICAM-1 on "unactivated" endothelium to neutrophil recruitment [35] . Complement activation by ICs could also generate a Mac-1 ligand, complement C3 that could support cell adhesion. However, although complement C1q activated by the classical complement pathway is required for permeabilityinduced IC deposition, complement C3 does not play a role in neutrophil recruitment to intravascular ICs in this model [5] .
In conclusion, our analyses revealed a role for TNF priming of neutrophils in selectively enhancing neutrophil adhesion to intravascular ICs. Priming of neutrophil functions by cytokines might contribute to the pathology of IgG-mediated disease. For example, in transfusion-related acute lung injury, characterized by antibody-and neutrophil-priming stimuli, cytokine priming of neutrophil functions may enhance disease severity [36] . Importantly, we provided evidence that Fc␥R interaction with ICs leads to Mac-1 interaction with ICAM-1 on the endothelium, steps that are required for firm neutrophil arrest in the context of intravascular IC deposition. Our finding that the molecular components required for IC-induced recruitment are constitutively present in the vascular system (i.e., Fc␥R, Mac-1, and ICAM-1) suggests that they may constitute a potent pathway of neutrophil recruitment in the absence of overt inflammation. This could represent an early pathogenic event in IC-induced disease characterized by circulating ICs such as vasculitides, systemic lupus erythematosus, and some forms of glomerulonephritis.
